Abstract: This paper deals with apical dominance using a dicotylar model obtained after decapitation of pea seedlings with two shoots -one dominant and the other inhibited. When the dominant shoot was decapitated the inhibited one is released from inhibition and after 24 to 72 h begins to grow. However, the levels of trans-zeatin and production of ethylene increase within 4 and 6 hours respectively after release from inhibition, and within an interval of 72 h the levels of both phytohormones begin gradually to decrease. This indicates that also in this model, the release from apical dominance is associated with an increase in the level of cytokinin zeatin and, thereafter, also with an increased production of ethylene. If indolyl-3-acetic acid (IAA) is applied on the decapitated main stem after decapitation of the dominant shoot, the growth of the initially inhibited one is very strongly retarded; if, however, IAA is applied on the decapitated dominant shoot, this inhibition is significantly weaker. This means that the inhibiting effect of IAA on the inhibited shoot originates to a greater degree from the main stem rather than from the dominant shoot. The effect of benzyladenine (BA) is transferred equally from the decapitated main stem and from the decapitated dominant shoot because the initially inhibited shoot begins to grow as well as also other shoots from serial cotyledonary buds.
Introduction
Apical dominance, i.e. domination of the stem apex over axillary buds (branches) , is the most investigated plant growth correlation (Šebánek 1973; Procházka 1982; Cline 1991; Mc Stean & Leyser 2005) . Thimann & Skoog (1933) recorded a direct inhibiting role of auxin in apical dominance after simulation of the inhibitory effect of the stem apex on axillary buds with exogenous auxin (IAA). Similarly, Dostál (1939) using exogenous auxin simulated the inhibitory influence of pea seedling cotyledon on the growth of its axillary bud. According to these results the state of inhibition of lateral bud should be connected with a supraoptimal level of endogenous auxin and thus the release of the bud from this inhibition should be connected with an initial decrease in the endogenous level of auxin. This was indicated by experimental results published by Šebánek & Hradilík (1974) and Blažková et al. (1987) . Snow (1925 Snow ( , 1937 mentioned the suitability of dicotylar models for studies on apical dominance. If pea seedlings are decapitated and both cotyledons to be intact, cotyledonary shoots start at first to grow from axillas of both cotyledons but very soon one of them begins to dominate over the other and thus there are two shoots on the plant -a dominant one and an inhibited (subordinated) one. If the dominant shoot is decapitated, the inhibited one is released from inhibition. This means that the principle of apical dominance can be studied on the basis of observation of changes taking place in the inhibited shoot after its release from inhibition. Jablanovič & Neškovič (1977) observed an increase in the level of endogenous auxin and a decrease in endogenous cytokinins 1 to 6 days after this release. However, Procházka & Jacobs (1984) found that significant changes took place within the first hours after the release of axillary buds from this inhibition. For that reason, Šebánek et al. (1988) paid attention to hormonal changes taking place in the inhibited axillar as early as 1-6 h after decapitation of the dominant shoot (when these changes were not visible yet) and thereafter 1-3 days after this decapitation when the elongation growth of axillary shoots could already be observed. Within the interval of 1-2 days, the increase in the auxin level was confirmed; however, within the first two hours, it was observed that the auxin level decreased. A quantitative estimation of the level of cytokinins indicated a gradual increase within the first 24 h after the release from inhibition. In this case, however, only a routine estimation of "cytokinin-like substances" was performed, using a bioassay with seedlings of Amaranthus caudatus.
A task of our study was to use the dicotylar model of pea seedlings for a comparison of the roles of exogenous IAA and exogenous cytokinin BA. In a one-shoot model, the antagonisms between IAA and cytokinin in apical dominance has already been demonstrated because IAA applied on the cut surface after decapitation of the main stem inhibited the growth of axillars while, on the other hand cytokinin applied to axillary buds of intact plants released these buds from apical dominance (Šebánek 1973; Cline 1991) . Using a dicotylar model, Sachs (1966) and Li & Bengerth (1999) demonstrated that IAA applied on the cut surface of the decapitated dominant shoot could partly replace the intact dominant shoot in the inhibition of the inhibited one.
In this study, we have used a dicotylar model to compare the effects of IAA and BA both after application on the cut surface of decapitated dominant shoot and on the cut surface of the decapitated main stem. The main aim of our study was to determine cytokinin trans-zeatin in the inhibited shoot immediately after its release from inhibition using the high performance liquid chromatography (HPLC) method and to estimate ethylene production in seedlings using the gas chromatography (GC) method.
Material and methods
Plant material and application of exogeneous IAA and BA Pea (Pisum sativum L.) seedlings, cv. Baryton and Oskar (with a similar growth activity) were used as experimental material. Water-soaked seeds (to 24 h) were placed into a layer of wet perlite. Three-days-old seedlings were cultivated in darkness at 21
• C in jars containing distilled water till the age of 6 days. Thereafter the mainly stems of plants were decapitated and within a period of 6 days after decapitation, two cotylars developed on each plant -one dominant and the other inhibited. Plants with inhibited shoots of the length of 2-5 mm and dominating shoots of the length of 50-60 mm were selected and used for experiments (Fig. 1a) . Dominant shoots were decapitated (Fig. 1b) so that the inhibited ones were released from their inhibition (Fig. 1c) . The level of endogenous trans-zeatin was determined 0; 1; 3; 4; 5; 6; 7; 8; 24; 48 and 72 h after decapitation of the dominant shoot, always in the apical part (2-3 mm long) of the inhibited shoot. The level of ethylene was estimated after 1; 2; 3; 4; 5; 6; 8; 24; 48 and 72 h of cultivation.
For application of exogenous IAA and BA, plants with dominant and inhibited shoots of the same lengths of 50-60 mm and 2-5 mm, resp., were selected after the decapitation and a 0.5% lanolin paste containing either IAA or BA was applied either on the cut surface of the decapitated dominating shoot (Fig. 1d) or on the cut surface of the decapitated main stem (Fig. 1e) . The length of the initially inhibited axillars was measured 9 days after the application; lengths of serial cotylary buds that grew up in many cases beside the axillars were measured as well (Fig. 1f) .
Cytokinin analysis
Extraction: Cytokinin extraction and purification were carried out using the method of lyophilization and homogenisation of the sample in a modified Bieleski solution (Bieleski 1964 ) and the debris was removed by centrifugation. The purification step passed over the system of C18 Fig. 1 . Pea seedlings -after the decapitation the main stem, axillars begin to grow in axillas of cotyledons. One of them is short and inhibited, the other long and dominant (a). After the decapitation of the dominant shoot (b), the content of endogenous zeatin was estimated in the inhibited shoot and ethylene production was followed during the whole period of growth of this inhibited shoot (c). After decapitation of the dominant shoot, IAA and/or BA paste was applied either on the cut surface of this shoot (d) or on the cut surface of the decapitated main stem (e). After application of BA, not only axillar (axil) but also serial (ser) shoots grew up (f).
and DEAE-cellulose cartridges, followed by evaporation in vacuum (for details see Lexa et al. 2003) . Liquid chromatography (LC)/Mass spectrometry (MS) analysis: HPLC separations were done using an AQUASIL C18 reversed-phase column (250 × 2.1 mm i.d., 5 µm particle size; ThermoHypersil-Keystone, Cheshire, UK). Solvents used for separation were A (100% methanol) and B (0.25% formic acid, v/v). The flow rate was 200 µL min −1 with isocratic elution (A:B = 35:65, vol%); the injected volume was 10 µL. The effluent was introduced into the mass spectrometer Finnigan AQA (ThermoQuest, Manchester, UK) equipped with an electrospray interface (capillary voltage +4.5 kV, source temperature 250
• C, cone voltage 5 V). Mass spectrometric data were acquired in selected ion monitoring (SIM) mode at molecular ion [MH] + value 220 for zeatine and quantified by the method of an external standard.
Estimation of ethylene production
Five decapitated pea seedlings were placed into 260 mL glass Release of cotyledonary shoots of pea seedlings jars containing 90 mL of distilled H2O. The jars were closed with metallic caps with a septum enabling to sample the gas content with a syringe, placed into plastic racks and kept in darkness at the temperature of 21
• C. Gas was sampled in 60-minute cultivation intervals in a closed jar; after the sampling, the jars were opened, ventilated and again closed to estimate production of ethylene in the subsequent interval.
Using a tuberculin syringe, we drew 1 mL of air from the glass jars and analysed in a gas chromatograph (manufacturer FISSONS INSTRUMENT, Italy; 50 m capillary column Al2O3 "S" 15 µm, ID 0.53 mm); When estimating gaseous hydrocarbons, spray, column and detector temperatures were 230
• C, 40
• C and 200
• C, resp., (Fišerová et al. 2001) .
Statistical evaluations were conducted after the conversion to the ethylene standard in 1 mL of air from the space where it was taken. The gas contents (7 replications) and samples of trans-zeatin (3 replications) were averaged and the mean error was calculated. The results concerning the length of shoots were statistically analysed using t-test and standard errors are presented graphically. Figure 2 , the level of trans-zeatin was higher in the apical part of the inhibited shoot than in the corresponding part of the dominant shoot. Within two hours after decapitation of the dominating shoot, the level of zeatin in the apical part of the inhibited shoot decreased but thereafter (within 4-5 h) it markedly increased. In the following period (up to 8 h of cultivation) it gradually decreased to the level which thereafter remained unchanged for altogether 72 h.
Results

As shown in
Production of ethylene began to increase markedly 6 h after decapitation of the dominant shoot and thereafter gradually decreased for a period of 72 h (Fig. 3) .
If IAA paste was applied either on the cut surface of the decapitated dominant shoot or of the decapitated main stem, it was found that IAA highly significantly inhibited growth of the inhibited shoot. When was applied on the decapitated main stem, this inhibiting effect was much stronger than in the case of application Fig. 4 . Growth of the inhibited shoot of pea seedlings 9 days after decapitation of the dominant shoot (c) and after application of 0.5% IAA paste either on the cut surface of the decapitated dominant shoot (d) or on the cut surface of decapitated main stem (e). on the decapitated dominant shoot (Fig. 4) . After application of BA paste, the release of inhibited axillars was weaker than in the control; however, BA was able to stimulate also the growth of serial cotylary buds. This means that BA did not significantly influence the overall total growth of shoots (Fig. 5 ).
Discussion
Using a dicotylar model of decapitated pea seedlings it was demonstrated that the level of trans-zeatin slightly decreased within the first two hours after the release of an inhibited shoot from inhibition and that its level was then equal to its level in the apical part of the dominant shoot. Within 4 hours, however, the level of trans-zeatin in the inhibited shoot increased and thereafter (for 24-72 h) a gradual decrease was observed. This course was de facto opposite to changes in the auxin level because in inhibited shoots the level of IAA decreased within the first 3 h after release from inhibition and thereafter gradually increased for 48 h (Še-bánek et al. 1988) . This indicates the existence of an antagonisms between endogenous auxin and cytokinin in this dicotylar model. Until now, such an antagonism was described only in one-shoot models for example on epicotyls of pea seedlings. After the stem decapitation, the level of cytokinins in axillary buds increased and it was possible to stop such an increase by IAA application to the cut surface of the decapitated apex (Li et al. 1995) . When using this model, the antagonistic action of cytokinin and auxin in apical dominance can also be explained by the fact that cytokinins stimulate the export of exogenous IAA from axillary buds and thus support their growth (Li & Bangerth 1992 ). This concerns not only effects of IAA on cytokinins but also vice versa, i. e. effects of cytokinins on IAA.
If the inhibited shoot is released from inhibition, production of ethylene in the dicotylar model steeply increases as late as 6 h after this release. As compared with zeatin, this represents a two-hour delay and means that the synthesis of zeatin takes place before that of ethylene. This observation corresponds with a demonstrated positive effect of cytokinins on ethylene synthesis (Rashotte et al. 2005; Fišerová et al. 2006) .
As far as the role of exogenous IAA in the dicotylar model is concerned, our results corroborate the data published by Li & Bangerth (1999) who observed that IAA applied on the cut surface of the decapitated dominant shoot could partly replace the inhibiting effect of its apex on the growth of the inhibited shoot. It was also demonstrated that the inhibiting effect of IAA applied on the cut surface of dominant shoot is much more manifest than after application of IAA on the decapitated dominant shoot. This effect was of high statistical significance. This indicates that the transfer of the inhibiting effect from the decapitated main stem is easier than that from the decapitated dominant shoot.
However, a similar effect of exogenous BA can be observed after its application to the cut surfaces of both decapitated main stem and decapitated dominant shoot; in this case, cytokinin stimulates not only the growth of inhibited axillars but also the growth of serial buds.
The antagonism existing between cytokinin and IAA was manifested also after the exogenous application on the decapitated dominant shoot because exogenous IAA significantly inhibited the growth of inhibited shoots, but exogenous BA did not show such an inhibiting effect on the total length of shoots; the slight decrease observed was not significant.
